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The ectodomain of LIN-12/Notch proteins is cleaved and shed upon ligand binding. In Caenorhabditis elegans, genetic evidence has
implicated SUP-17, the ortholog of Drosophila Kuzbanian and mammalian ADAM10, as the protease that mediates this event. In mammals,
however, biochemical evidence has implicated TACE, a different ADAM protein. We have investigated potential functional redundancy of sup-17
and the C. elegans ortholog of TACE, adm-4, by exploring their roles in cell fate decisions mediated by lin-12/Notch genes. We found that
reduced adm-4 activity, like reduced sup-17 activity, suppresses an allele of glp-1 that encodes a constitutively active receptor. Furthermore,
concomitant reduction of adm-4 and sup-17 activity causes the production of two anchor cells in the hermaphrodite gonad, instead of one—a
phenotype associated with loss of lin-12 activity. Concomitant reduction of both sup-17 and adm-4 activity in hermaphrodites results in highly
penetrant synthetic sterility, which appears to reflect a defect in the spermatheca. Expression of a truncated form of LIN-12 that mimics the product
of ectodomain shedding rescues this fertility defect, suggesting that sup-17 and adm-4 may mediate ectodomain shedding of LIN-12 and/or GLP-
1. Our results are consistent with the possibility that sup-17 and adm-4 are functionally redundant for at least a subset of LIN-12/Notch-mediated
decisions in C. elegans.
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LIN-12/Notch proteins are receptors that mediate cell–cell
interactions that specify cell fates. LIN-12/Notch proteins
undergo three proteolytic processing events at three distinct
sites (reviewed in Kopan and Goate, 2000). Cleavage at ‘‘site 1’’
in the extracellular domain occurs upon transit to the surface and
generates a heterodimer between the N- and C-terminal frag-
ments. Cleavage at ‘‘site 2’’ in the extracellular domain occurs
upon ligand binding. The site 2 cleavage leads to ectodomain
shedding and creates a substrate for cleavage by the presenilin
protease complex at ‘‘site 3’’ in the transmembrane domain. The
site 3 cleavage releases the intracellular domain, which translo-
cates to the nucleus and promotes transcription of target genes.
Two different proteases of the ADAM family have been
implicated in mediating the site 2 cleavage event. The ADAM0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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motifs in their extracellular domains: a Disintegrin domain, a
cysteine-rich domain and a zinc metalloprotease domain. In
Caenorhabditis elegans, genetic evidence is consistent with a
role for the ADAM protein SUP-17 in site 2 cleavage (Tax et al.,
1997; Wen et al., 1997). However, sup-17 null hermaphrodites
do not display highly penetrant defects associated with the
absence of lin-12/Notch signaling (Tax et al., 1997), raising the
possibility of functional redundancy with another protease. In
Drosophila, genetic and biochemical evidence has implicated
the ADAM protein Kuzbanian (Rooke et al., 1996; Pan and
Rubin, 1997; Sotillos et al., 1997; Lieber et al., 2002; Klein,
2002). The loss of Kuzbanian activity causes phenotypes that
are equivalent to removing other core Notch signal transduction
pathway components (Rooke et al., 1996), suggesting that it is
the main mediator of site 2 cleavage in Drosophila.
SUP-17 and Kuzbanian are orthologs, and their mammalian
ortholog is called ADAM10. ADAM10-deficient mice die with
defects that can be attributed to reduced Notch signaling
(Hartmann et al., 2002). However, site 2 cleavage still occurs in287 (2005) 1 – 10
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evidence has implicated a different ADAM protein, TACE
(also known as ADAM17), in site 2 cleavage (Brou et al.,
2000). TACE null mice do not display strong Notch-like
phenotypes (Peschon et al., 1998). Thus, in mammals as in C.
elegans, the genetic evidence raises the possibility that there is
more than one protease that mediates site 2 cleavage.
Mammalian ADAM10 and TACE have been extensively
studied with respect to substrate specificity; these studies have
implicated many different transmembrane proteins as substrates
for ADAM10 and TACE, and there is evidence both for and
against functional redundancy, suggesting that the roles of these
proteases may depend on context. There are cases in which
ADAM10 and TACE have been found to cleave the same
substrates, e.g. collagen XVII in keratinocytes (Franzke et al.,
2002) and the IL-6R under conditions of cholesterol depletion
(Matthews et al., 2003). There are also cases in which ADAM10
and TACE have been found to cleave the same substrate but
appear to be activated by different conditions or pathways. One
example is CD44 (Nagano et al., 2004), for which ADAM10-
mediated cleavage is activated by calcium influx and TACE-
mediated cleavage is activated by phorbol ester stimulation.
Another is EGF precursor, which appears to be cleaved by
ADAM10 in response to G-protein-coupled receptor activation
but by TACE constitutively (Sahin et al., 2004). However, there
are other cases in which ADAM10 and TACE appear to have
different substrates, including other ligands for the EGF
receptor (Sahin et al., 2004) and the CXC-chemokine ligand
16 (CXCL16) (Abel et al., 2004). Thus, there is no a priori
reason to suppose that ADAM10 and TACE are interchangeable
in LIN-12/Notch signaling, or not.
The C. elegans ortholog of TACE is named ADM-4, and, as
described herein, it is closely related to SUP-17. Together, with
the broad and often overlapping substrate specificity defined in
biochemical studies and the lack of a strong lin-12/Notch
phenotype of single mutants in both C. elegans and mammals,
the sequence similarity raises the possibility that these two
proteases are functionally redundant. Here, we have character-
ized the C. elegans gene adm-4 with respect to potential roles in
LIN-12/Notch signaling and explored potential functional
redundancy of adm-4 and the Kuzbanian/ADAM10 ortholog
sup-17 in development. Our results suggest that sup-17 and
adm-4 are functionally redundant for at least a subset of LIN-
12/Notch-mediated cell fate decisions as well as a novel
fertility-promoting function in the somatic gonad, probably
the spermatheca, the specialized region of the hermaphrodite
gonad into which ovulation occurs and fertilization takes place.
Materials and methods
Genetic materials
The wild-type parent for the strains used in this study is C. elegans var.
Bristol strain N2. Relevant mutations are:
LG I: sup-17(n1258ts)(Tax et al., 1997; Wen et al., 1997).
LG III: lin-12(n302, n379, n950) (Greenwald et al., 1983), glp-1(ar202ts)
(Pepper et al., 2003).LG X: adm-4(ok265) (The C. elegans Gene Knockout Consortium, http://
www.celeganskoconsortium.omrf.org/).
arIs53 expresses an activated form of lin-12, lin-12(DE)0gfp, using the
sel-12 promoter (D. Shaye and I. Greenwald, unpublished); the site of
integration is not known.
Additional information about these alleles, as well as about markers used
for facilitating genetic analysis mentioned in the text, can be found via
Wormbase (http://www.wormbase.org/).
Mutant analysis and scoring
Strains were grown at 20-C unless otherwise noted and scored at 15-C,
20-C or 25-C as specified. When a temperature shift was required, L1
larvae (unless otherwise specified) were picked to individual plates, shifted
to the desired temperature, and assessed for phenotypes at the relevant
stage.
Criteria used for scoring different phenotypes are indicated here. Egg-laying
ability: animals were scored for 2 consecutive days as they became gravid
adults. An animal was scored as Egl+ if it showed the ability to lay eggs
(irrespective of the brood size) and did not ‘‘bag,’’ and Egl if it laid none or only
a few eggs and ‘‘bagged’’ during this period of time. In particular, adm-
4(ok265) hermaphrodites are not Egl at 15-C (0/76 animals), at 20-C (0/83) or
at 25-C (0/43). Anchor cells: the number of anchor cells was assessed in L3
larvae using Nomarski microscopy based on their distinctive morphology. For
example, 26/26 adm-4 hermaphrodites had 1AC (wild type) at 20-C. Sterility:
animals were scored for 3 consecutive days as they became adults. An animal
was scored as sterile if no oocytes, eggs or live progeny were observed on the
plate and no eggs could be seen in the uterus, and scored as fertile otherwise. In
particular, no adm-4 hermaphrodites were sterile at 15-C (0/76 animals), 20-C
(0/83) or 25-C (0/43). Endoreduplicating oocytes: gravid adults were examined
using Nomarski microscopy or were fixed and stained with DAPI (McCarter et
al., 1999). DAPI-stained worms were mounted in a drop of antifade (Molecular
Probes) and analyzed with a fluorescence microscope (Zeiss Axioplan 2).
Vulval development: the number of pseudovulval protrusions was scored under
the dissecting microscope. Spermathecal morphology: spermathecas in adult
hermaphrodites were examined using Nomarski microscopy or after staining
with MH27 antibody (Developmental Studies Hybridoma Bank, USA) as
described previously (Jariault and Greenwald, 2002). Sperm abundance and
morphology: young adult hermaphrodites were examined after staining with
DAPI; 17/17 sup-17; adm-4 hermaphrodites appeared to have normal sperm
abundance and morphology, even though 11 of these hermaphrodites had some
endoreduplicated oocytes in the uterus. We note that sperm seemed more
dispersed in the spermatheca of sup-17; adm-4 hermaphrodites than in wild
type. Rescue by wild-type sperm: 47 individual sup-17; adm-4 L4 hermaph-
rodites were picked to single plates along with 7–10 wild-type N2 males, while
58 sup-17; adm-4 L4 were put on single plates at 15-C without males. The
number of progeny produced by each sup-17; adm-4 hermaphrodite was
scored, as well as the presence of males in the progeny of the crosses, as an
indicator of successful mating. No difference in the brood sizes was observed
between the sup-17; adm-4 hermaphrodites plated alone or with N2 males that
gave rise to cross progeny. We also determined that the fertile sup-17; adm-4
mutants were Egl+ (40/40 at 20-C and 44/44 at 15-C fertile animals were Egl+),
indicating that the vulva of these hermaphrodites should allow efficient mating.
sup-17; adm-4 male mating: in a first set of experiments, 8 to 10 sup-17; adm-4
L4 males grown at 15-C were mated with 3 unc-32(e189) or unc-4(e120) dpy-
10(e128) L4 hermaphrodites at 20-C; 8/8 such crosses gave cross progeny. In a
second set of experiments, single sup-17(n1258) or sup-17; adm-4 L4 males
grown at 15-C were mated with 1 or 2 unc-4(e120)dpy-10(e128) L4
hermaphrodites at 20-C or 25-C. As the single sup-17 mutant males do not
mate well, we used them rather than N2 males as a reference for mating
efficiency. 7/35 sup-17 males and 8/38 sup-17; adm-4 males gave cross
progeny at 20-C and 0/17 sup-17 males and 2/18 sup-17; adm-4 at 25-C,
suggesting that the double mutant males mate with the same efficiency that the
sup-17 single mutants. It has been suggested that the low efficiency of sup-17
male mating may be due to developmental defects related to reduction of lin-
12/Notch signaling (Nguyen et al., 1999).
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To observe ovulation directly, sup-17; adm-4 or N2 L4 hermaphrodites
grown at 15-C were selected and grown at 15-C for another 15 to 22 h. Worms
were anesthetized in a solution of M9 with 0.1% tricaine and 0.01% tetramisole
(Sigma) for 30–45 min at 15-C before viewing on an Axioplan II with an IR
filter, as described previously (McCarter et al., 1999). Nuclear envelope
breakdown, cortical rearrangement and ovulation of the most proximal oocyte,
and sometimes of the next one, could be observed in N2 hermaphrodites with
rates comparable to previous studies (McCarter et al., 1999), after which all
oocyte maturation/ovulation and sheath cells contractions would stop (10
animals). In 10/11 sup-17; adm-4 hermaphrodites observed, intense sheath
contractions could be seen after cortical rearrangement of the most proximal
oocyte, but the spermatheca did not dilate, and the sheath cells contractions
would eventually stop after about 20 min. In one mutant hermaphrodite,
ovulation of the proximal most oocyte occurred as in wild type. To assess the
ovulation rate, single N2 or sup-17; adm-4 hermaphrodites, grown for 15–20
h after the L4 stage at 15-C, were plated at 15-C for 3 or 4 h, and the number of
embryos or ovulated oocytes in the uterus or laid on plate was determined both
before and after the time interval (McCarter et al., 1999). The ovulation rate per
gonadal arm and per hour for each animal was determined as [the number of
oocytes ovulated and embryos produced in the time interval/2/time in hour], and
the average rate for the population was then calculated. The ovulation rate per
gonadal arm per hour at 15-C was 2 times higher for the N2 population than
for the sup-17; adm-4 population in two separate experiments, but there
was variability between experiments [0.6 (n = 9) versus 0.3 (n = 11) in one
experiment, and 1.1 (n = 8) versus 0.5 (n = 8) in another] and among individuals
(data not shown).
Genomic characterization of adm-4(ok265)
adm-4(ok265) is a deletion allele provided by theC. elegans Gene Knockout
Consortium. We determined that it contains an 847 bp deletion starting 2
nucleotides after the end of exon 8 and ending in exon 13, with the addition of
one extra C, as has also been reported by Huang et al. (2003). Unmarked adm-
4(ok265) chromosomes used in this study have been backcrossed three times,
and homozygosity of the mutation in animals was determined by amplifying the
adm-4 genomic region around the deletion using the following primers: 5V el1
tgtgtcaccttttcggtgaa, 3VZK154-25220 5Vctgactctcattacaactcg and 5VZK154-23904
5Vcttacatctcggcaagatcc, which is located inside the deleted region.
RNA-mediated interference (RNAi)
Each RNA strand was synthesized according to the manufacturer
(Stratagene) using as templates gfp cDNA amplified from pPD129.111 using
T7 primers (a gift from A. Fire), adm-4 cDNA amplified from yk187d12 or
sup-17 cDNA amplified from yk389a8, using T7 and T3 primers. yk187d12
and yk389a8, a gift from Y. Kohara, were sequenced and encode full-length
ADM-4 and SUP-17 respectively. Each RNA strand was purified using
QIAGEN RNeasy columns and annealed in 0.5 injection buffer (Mello and
Fire, 1995). RNAi was performed as in Fire et al. (1998). dsRNA or annealing
buffer was microinjected into the pseudocoelomic space and the gonad of
young adults. Injected hermaphrodites were cultured individually, and their
progeny were scored for the relevant phenotype. BLAST analyses did not
reveal stretches of 18 or more identical nucleotides between sup-17 and adm-4,
or between these genes and any other gene, suggesting that RNAi is likely to be
specific for the intended target gene.
Rescue experiments and transgenic lines
PCR amplified genomic DNA spanning the adm-4 region (using oligos
5VZK154-21668 5Vctgagtatttgttgtcgagcgg and 3VR03G5-1944 5VggtccgtcQ
gacaaacccg) was injected at 20 Ag/ml together with pmyo30gfp (20 Ag/ml)
and pBluescript (up to 100 Ag/ml) into recipient strain sup-17; adm-4 at 15-C.
Two transgenic lines, containing the transgenes arEx399 and arEx400, were
obtained; both produced progeny at 20-C, indicative of adm-4(+) activity, and
rescue was still observed after many generations.Sequence analysis and phylogenetic studies
The sequences of the metalloprotease domains of all the members of the
Astacin, Matrixin and Reprolysin families, and of a few members of the more
distant Neprolysin family, were retrieved using BLASTanalysis, and information
in Wormbase (www.wormbase.org), SMART (smart.embl-heidelberg.de) and
Proteome (www.proteome.com/proteome/Retriever/index.html) databases.
These sequences were then used to construct a phylogenetic tree using
the ClustalX and njplot programs (Higgins et al., 1996). The standard
ClustalX parameters for multiple alignment and the BLOSUM series as
protein weight matrix were used. Clustal format was used as output
format.Results
Phylogenetic analysis of C. elegans Metzincin zinc
metalloproteases
Zinc metalloproteases are classified in families and
subfamilies based on the sequence around their Zn binding
residues (Hooper, 1994). For example, the ‘‘Zincin’’ group is
composed of two families, the ‘‘Gluzincins’’ and the
‘‘Metzincins.’’ The latter is further divided into the ‘‘Astacin,’’
‘‘Matrixin’’ and ‘‘Reprolysin’’ subfamilies. The Reprolysin
subfamily includes the ADAM and ADAM-TS proteases
(which additionally have at least one thrombospondin
domain). Using a combination of BLAST analysis and
information contained in the Wormbase, SMART and
Proteome databases (see Materials and methods), we under-
took the phylogenetic analysis of the Metzincin metallopro-
teases in C. elegans (Fig. 1). Among the 158 C. elegans
metalloproteases (Mohrlen et al., 2003), 55 belong to the
Metzincin family of which 11 belong to the Reprolysin
subfamily (Fig. 1B). Of these 11 Reprolysins, six are ADAM
proteins (C34H3.1, F27D9.7, ADM-1/UNC-71, ADM-2,
SUP-17 and ADM-4; see Fig. 1A), while five are ADAM-
TS (Gon-1, ADT-2, ADT-1, MIG-17 and T19D2.1). Our
sequence analysis suggests that SUP-17 and ADM-4 are more
closely related to each other than to other members of the
Reprolysin subfamily in worms (Fig. 1B), and furthermore
that SUP-17 and ADM-4 are the sole orthologs of mam-
malian KUZBANIAN/ADAM10 and TACE respectively in
C. elegans (Fig. 1C).
Reduction of sup-17 or adm-4 activity does not cause
canonical phenotypes associated with reducing lin-12 or
glp-1 activity
lin-12 and glp-1 have unique roles in many different cell
fate decisions. lin-12 activity specifies the anchor cell (AC)/
ventral uterine precursor cell (VU) decision during hermaph-
rodite gonadogenesis; normally, a pair of gonadal cells interact
so that only one becomes the AC, but reduced lin-12 activity
can cause both to become ACs (Greenwald et al., 1983;
Sundaram and Greenwald, 1993). lin-12 also specifies two of
the six vulval precursor cells (VPCs) to adopt the ‘‘2-’’ fate;
reduced lin-12 activity can cause these two VPCs to adopt the
‘‘3-’’ fate (Greenwald et al., 1983; Sundaram and Greenwald,
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zygotic glp-1 activity causes germ cells to cease mitosis and
enter meiosis prematurely, resulting in a sterile oocyte-
deficient phenotype (Austin and Kimble, 1987; Priess et al.,
1987). lin-12 and glp-1 are also functionally redundant for
other cell fate decisions during embryogenesis (Lambie and
Kimble, 1991).
The role of sup-17 has been examined in these decisions
(Tax et al., 1997; Wen et al., 1997). sup-17(null) hermaph-
rodites are maternal effect lethal; sup-17(null) hermaphro-
dites segregating from heterozygous parents do not display
canonical phenotypes associated with loss of lin-12 or glp-1
activity. Similarly, sup-17(n1258ts), which behaves like anull allele at the restrictive temperature, does not display the
canonical lin-12 gonadal or glp-1 germ line phenotypes
when shifted postembryonically, although it does display a
low-penetrance defect in VPC fate specification that suggests
that lin-12 activity has been partially reduced. In conclusion,
the analysis of sup-17 mutants does not argue for an
absolute requirement for SUP-17 in S2 cleavage of LIN-12
or GLP-1.
We obtained the adm-4(ok265) mutation, kindly provided
by the Caenorhabditis Knockout Consortium, and examined it
for canonical phenotypes associated with loss of lin-12 or glp-1
activity (see Materials and methods). We sequenced adm-
4(ok265) and found that it is predicted to encode a truncated
Fig. 1. Phylogenetic analysis of C. elegans Metzincin zinc metalloproteases.
(A) Schematic view of ADM-4 protein structure. SP, signal peptide; DIS,
disintegrin domain; Cys-rich, cysteine-rich domain; TM, transmembrane
domain. Also shown is the extent of the deletion found in adm-4(ok265). (B)
Phylogenetic tree of the Metzincins Zn metalloproteases in C. elegans. (C)
Phylogenetic relationship of the C. elegans (Ce) reprolysins with the
Drosophila (Dm), murine (Mm) or human (Hs) KUZBANIAN/ADAM10
and TACE metalloproteases.
Fig. 2. Reduction of adm-4 or sup-17 activity suppresses glp-1(ar202). The
first three bars indicate that adm-4(ok265) suppresses the sterility defect
associated with glp-1(ar202). L1 hermaphrodites were transferred from 20-C to
25-C and scored as adults for production of oocytes and embryos. We note that
9% of the suppressed fertile glp-1; adm-4 double mutants produced only
embryos that arrested before hatching. This suggests that glp-1(ar202)
mutation may also affect another process in the embryo, a phenotype that is
normally masked by the sterility of glp-1(ar202) animals. This second defect is
also suppressed by adm-4(ok265). The last four bars show that reduction of
adm-4 or sup-17 activity by RNAi also suppresses the sterility defect
associated with glp-1(ar202). L1 progeny of injected animals were transferred
to 25-C and assessed as adults for production of oocytes and embryos. The total
number of animals scored is indicated above each bar. Asterisks indicate
significant differences at the 99% level in Chi-square tests for comparisons
shown.
Table 1
adm-4(ok265) does not suppress the defects associated with lin-12(d) alleles
Egg-laying ability n % Egl+
lin-12(n302) 28 0%
lin-12(n302); adm-4(ok265) 77 0%
lin-12(n379) 27 14.8%
lin-12(n379); adm-4(ok265) 28 10.7%
Multivulva phenotype n Average number of protrusions
lin-12(n950) 96 4.8
lin-12(n950); adm-4(ok265) 162 4.7
Animals were scored at 20-C. For the Multivulva phenotype, the number of
pseudovulval protrusions on individual animals was scored and the average
number of protrusions per animal is indicated.
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(Fig. 1A). Various truncated forms of mammalian TACE have
activity under different conditions, but there is no strict
correlation between disintegrin or cysteine-rich domain, or
membrane association, and function (Reddy et al., 2000);
therefore, we cannot predict whether adm-4(ok265) is null for
TACE function.
adm-4(ok265) is fully recessive and behaves like adm-
4(RNAi) in suppression of glp-1(ar202) or in producing a
sterile phenotype in conjunction with sup-17 mutant,
suggesting that it reduces adm-4 activity (Fig. 2, Table 2;
see also below). adm-4(ok265) hermaphrodites, and adm-
4(ok265) hermaphrodites that have also been subjected to
adm-4(RNAi) to deplete potential residual activity (see
below), do not display the canonical phenotypes associated
with loss of lin-12 or glp-1 activity (see Materials and
methods) and are fully viable, indicating that they do not
profoundly affect other cell fate decisions mediated redun-
dantly by lin-12 and glp-1 (Fig. 3; data not shown). Thus,
the analysis of adm-4(ok265) suggests that, if ADM-4
mediates lin-12 or glp-1 activity, it is not likely to be
uniquely required.
We have observed a subtle phenotype in adm-4(ok265)
hermaphrodites grown at 25-C: 25/58 hermaphrodites had
occasional oocytes with nuclear morphology suggesting
that they have undergone endoreduplication, as opposed to
0/46 N2 wild-type hermaphrodites. This phenotype resem-
bles and appears to be a milder version of the phenotype
observed in the sup-17; adm-4 double mutant, as described
below.Assessment of roles for sup-17 and adm-4 in canonical lin-12
or glp-1 mediated cell fate decisions
Certain dominant missense mutations that alter the extracel-
lular domain of LIN-12 or GLP-1 have been associated with
constitutive (ligand-independent) activation of the receptor and
confer phenotypes opposite to those caused by reduced activity
(Greenwald and Seydoux, 1990; Greenwald et al., 1983; Berry et
al., 1997). Suppression of phenotypes caused by such mutations
of lin-12 [lin-12(d)] has identified many positive factors for lin-
12/Notch signaling, including sup-17 (Tax et al., 1997).
Fig. 3. A synthetic 2AC phenotype is observed in sup-17; adm-4 double mutants injected with adm-4 dsRNA. Each bar indicates the percentage of hermaphrodites
with 2 anchor cells. The number of animals scored is indicated above each bar. Asterisks indicate significant differences at the 99% level in Chi-square tests for
comparisons shown. ‘‘from het,’’ the non-Unc progeny of a sup-17/unc-29 or sup-17/unc-29; adm-4 mother were scored. ‘‘25C,’’ animals grown continuously at
25-C were scored. ‘‘L1 shift,’’ animals shifted in the L1 stage from 15-C to 25-C were scored. For the last two genotypes, we first checked the AC phenotype of
individual non-Unc L3s segregating from a sup-17/unc-29; adm-4 mother injected with adm-4 dsRNA or the buffer control and included data only for those
individuals that proved to be homozygous for sup-17 and adm-4. Note that the last four bars represent two independent experiments.
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activity on lin-12(d) alleles and on glp-1(ar202), a missense
mutation that constitutively activates GLP-1 (Pepper et al.,
2003). All lin-12(d) alleles eliminate the anchor cell and
consequently result in an egg-laying defective (0 AC-Egl)
phenotype, and stronger lin-12(d) alleles also cause ectopic
induction of vulval 2- fates, resulting in a Multivulva (Muv)
phenotype. sup-17 hypomorphic and null alleles suppress both
of these lin-12(d) phenotypes (Tax et al., 1997). In contrast, we
found that adm-4(ok265) does not suppress the 0 AC-Egl
defect associated with the weaker lin-12(d) alleles n302 and
n379 nor the Muv defect of the stronger lin-12(d) allele n950
(Table 1). In addition, analysis of reporter genes suggests that,
while sup-17 is expressed in the VPCs at the time their
decision is made, adm-4 is not (data not shown). These
observations suggest that adm-4 does not play a major role in
modulating lin-12 activity during these cell fate decisions.Table 2
sup-17; adm-4 double mutants display a novel sterile phenotype
Sterile/total (%)
25-C
Sterile/total (%)
20-C
Sterile/total (%)
15-C
sup-17 0/54 (0%) 0/52 (0%) 0/76 (0%)
adm-4 1/64 (1.5%) 0/83 (0%) 0/81 (0%)
sup-17; adm-4 67/68 (98.5%) 65/115 (56.5%) 16/115 (13.9%)
sup-17; mock RNAi 22/151 (14.6%)* nd nd
sup-17; adm-4 RNAi 35/100 (35%)* nd nd
Worms were grown at 15-C and transferred as L1s to the experimental
temperature. Asterisks indicate differences significant at the 99% level, as
assessed by performing a Chi-square test.glp-1(ar202) promotes germ line mitosis and causes sterility
as germ cells fail to enter meiosis and produce gametes (Pepper
et al., 2003). We examined the ability of loss of sup-17 or adm-
4 to suppress the sterility associated with glp-1(ar202) and
found that reduction of adm-4 activity efficiently suppresses
the sterility caused by glp-1(ar202), as does reducing sup-17
activity (Fig. 2). Thus, adm-4 displays genetic interactions
consistent with function as a positive regulator of LIN-12/
Notch activity in germ line development.
Assessment of functional redundancy by examining the
phenotype of the sup-17; adm-4 double mutant
If sup-17 and adm-4 are redundant for function in LIN-12/
Notch signaling, we might expect that concomitant reduction
of their activity would result in phenotypes associated with a
reduction in lin-12 and/or glp-1 activity. As described in the
next section, when we constructed the double mutant sup-
17(n1258ts); adm-4(ok265), we observed a novel highly
penetrant sterile phenotype that would mask many canonical
lin-12 or glp-1 phenotypes. Therefore, to overcome this
sterility so that we could address potential functional redun-
dancy in canonical lin-12 or glp-1-mediated cell fate decisions,
we examined the sup-17; adm-4 progeny of sup-17(n1258ts)/
unc-29; adm-4(ok265) hermaphrodites. We did not observe
highly penetrant defects in the AC/VU decision, VPC
specification or germ line proliferation (Fig. 3 and data not
shown). Nor is any AC/VU defect observed at 25-C in adm-4
mutants (not shown), sup-17(n1258) mutants (Tax et al., 1997)
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mother (Fig. 3).
To deplete further any residual activity of adm-4(ok265), we
also performed adm-4(RNAi) in various backgrounds. adm-
4(RNAi) performed in an adm-4(ok265) mutant background
did not affect the number of ACs: the progeny of hermaph-
rodites injected with adm-4 double-stranded RNA or buffer all
had one AC, as in wild type (Fig. 3). However, the progeny of
sup-17(n1258ts)/unc-29; adm-4(ok265) mutants were affected
when injected with adm-4 double-stranded RNA, but not
buffer or gfp double-stranded RNA (Fig. 3 and data not
shown): we saw a substantial number of individuals that had 2
anchor cells, as in lin-12 hypomorphic or null mutants,
suggesting that sup-17 and adm-4 are functionally redundant
for LIN-12 signaling in the AC/VU decision and that adm-
4(ok265) indeed has some residual activity.
The highly penetrant synthetic sterile phenotype of the sup-17;
adm-4 double mutant appears to reflect a defect in
spermathecal function
sup-17(n1258ts); adm-4(ok265) double mutant hermaphro-
dites (hereafter referred to as ‘‘sup-17; adm-4’’) displayed a
highly penetrant defect in fertility at 20-C or 25-C but may be
maintained at 15-C and shifted to a higher temperature for
analysis (Table 2). At 20-C, the somatic gonad anatomy
appears normal, both in Nomarski and after MH27 staining
(data not shown), and most aspects of germ line development
are normal: the mitotic distal region of the germ line, oogenesis
and subsequent maturation of the oocytes, and sperm produc-Fig. 4. sup-17; adm-4 double mutants exhibit abnormal oocytes in the uterus. (A)
found in the uterus of fixed sup-17; adm-4 mutant adults grown at 15-C. Note the p
double mutants (arrowhead), indicative of endoreplicating DNA. (C) Nomarski and (
the uterus of fixed N2 adults grown at 15-C. The spermatheca and vulva are indiction or accumulation (data not shown). However, we observed
abnormal oocytes with endoreduplicated DNA, which some-
times appear to rupture, in the uterus (Fig. 4), and in the most
extreme cases, no eggs were evident. This phenotype is distinct
from the ‘‘Emo’’ (endomitotic oocyte) phenotype observed
when ovulation is entirely blocked, so that endomitotic oocytes
accumulate distal to the spermatheca (McCarter et al., 1997).
The synthetic sterile phenotype is efficiently rescued by
simple arrays carrying adm-4(+) genomic DNA (Fig. 5A),
suggesting that the sterility reflects a function of adm-4 in the
somatic gonad as such simple arrays are generally silenced in
the germ line and its precursors (Kelly et al., 1997). Further
support for the inference that the defect is in the somatic gonad
comes from the normal development and organization of the
germ line (see above) and several lines of evidence suggesting
that sterility is not caused by defective sperm: first, sterility of
sup-17; adm-4 hermaphrodites is not rescued by mating with
wild-type males, as would be expected if it were due to a
problem with sperm (Singson, 2001); second, sup-17; adm-4
males mate with comparable efficiency to sup-17 single mutant
males (see Materials and methods); and third, sperm morphol-
ogy and abundance appear normal in DAPI-stained sup-17;
adm-4 hermaphrodites (see Materials and methods).
We considered whether the abnormal oocytes in the sup-17;
adm-4 double mutant resulted from abnormal ovulation. In
wild-type young adults, the oocyte most proximal to the
spermatheca undergoes maturation (nuclear envelope break-
down and cortical rearrangement). Then, intense contractions
of the sheath cells move it into the spermatheca, which dilates
and appears to be pulled over the ovulating oocyte. After theNomarski and (B) corresponding DAPI staining pictures of abnormal oocytes
resence of big masses of DNA in the abnormal oocytes found in sup-17; adm-4
D) corresponding DAPI staining pictures of wild-type embryos (arrow) found in
ated, anterior is to the top.
Table 3
Sterility in the sup-17; adm-4 double mutants is not rescued by late shifting o
the animals to 20-C
sup-17; adm-4 transferred from 15-C to 20-C as Sterile/tot (%)
L1 11/21 (52.3%)
L4 15/23 (65.2%
young adult 16/30 (53.3%
Animals were grown at 15-C, and L1 or L4 larvae or young adults were
transferred at 20-C where their ability to produce progeny was assessed.
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spermatheca-uterine valve opens and the fertilized egg enters
the uterus (McCarter et al., 1999). Under anesthesia, we found
that we could detect 1–2 ovulations per wild-type gonadal arm
before the anesthetic stopped the process. When sup-17; adm-4
young adults were observed under anesthesia, oocyte matura-
tion and intense sheath contractions were seen. However, the
spermatheca did not dilate (see Materials and methods).
Furthermore, in some older sup-17; adm-4 adults, one to two
additional proximal oocytes had undergone maturation (12/26
animals). These observations suggested that ovulation might be
delayed in the double mutant. Direct measurements of
ovulation rates in unanesthetized hermaphrodites, which
revealed that ovulation is slower in sup-17; adm-4 than in
wild type, further supported this inference (see Materials and
methods). In addition, in sup-17; adm-4 animals, we observed
apparent pinching of parts of the ovulated oocyte and haploid
embryos in the uterus, both indicating that the spermatheca had
closed on the oocyte (Rose et al., 1997; Kariya et al., 2004). In
some hermaphrodites, we also observed what appeared to be
oocyte cytoplasm distal to the spermatheca as well.
All of these results strongly suggest that sterility of sup-17;
adm-4 reflects a defect in the function or development of the
spermatheca. We performed temperature-shift experiments and
found that the temperature-sensitive period includes young
adulthood (Table 3), after the gonad has been formed. ThisFig. 5. Rescue of sup-17; adm-4 sterility by ADM-4(+) or LIN-12(DE)
expression. L1 animals grown at 15-C were transferred to 20-C, and their
ability to produce progeny was assessed later. (A) arEx399 and arEx400
transgenes each encodes ADM-4(+) and rescues the sterility defect of sup-17;
adm-4. (B) arIs53, which encodes LIN-12(DE)0GFP, a constitutively active
form of LIN-12, suppresses the sterility of sup-17; adm-4 double mutants.
Percentage of fertile animals (A) or sterile animals (B) is indicated on the y
axis. Above each bar is indicated the total number of animals scored. Asterisks
indicate significant differences at the 99% level in the Fisher’s Exact Test and
the Chi-square test with Yates correction for comparisons shown.f
)
)observation suggests that the function, as opposed to the
development, of the spermatheca may be defective. However, it
is possible that in the double mutant some aspect of
spermathecal development is delayed, although no gross
defects are observable after MH27 staining (data not shown).
We could not test this possibility by shifting older adults as the
brood size of the double mutant is too low and the period of
fecundity too short to allow meaningful interpretation of the
results.
The ovulation defect observed in the sup-17; adm-4 double
mutant would be masked by other phenotypic abnormalities in
either lin-12 or glp-1 single mutants, or the lin-12 glp-1 double
mutant, so we cannot say a priori whether this defect is likely to
reflect reduced lin-12/Notch activity. Transcriptional reporters
for sup-17 and adm-4 are both expressed strongly in the adult
spermatheca (data not shown), as is a lin-12 transcriptional
reporter (Wilkinson and Greenwald, 1995). Data described in
the next section provide a potential functional link.
The synthetic sterility of the sup-17; adm-4 double mutant is
rescued by expression of a constitutively active form of LIN-12
that mimics site 2 cleavage
Engineered forms of Notch that lack much of the extra-
cellular domain are constitutively active and are believed to
mimic the site 2 cleavage (Jarriault et al., 1995; Struhl and
Adachi, 1998). The corresponding form of LIN-12, LIN-
12(DE), causes phenotypes associated with constitutive LIN-12
activity (D. Shaye and I.G., unpublished observations). If the
synthetic sterility of the sup-17; adm-4 double mutant results
from loss of ADAM function in the site 2 cleavage of LIN-12
(and/or GLP-1), we would expect that LIN-12(DE) might
suppress this defect. We found significant suppression of the
sterile phenotype of sup-17; adm-4 mutants (Fig. 5B).
Although it is possible that ectopic activation of lin-12 (or
glp-1) target gene expression is responsible for rescue, the
simplest explanation is that the defect observed sup-17; adm-4
reflects lower lin-12/Notch signaling activity in the somatic
gonad.
Discussion
We have provided evidence that two ADAM family
proteases, SUP-17 and ADM-4, are functionally redundant in
C. elegans to facilitate LIN-12/Notch signaling. Depletion of
either sup-17 or adm-4 suppresses the excessive mitotic
proliferation of the germ line caused by an allele of glp-1 that
encodes a constitutively active receptor. Concomitant reduction
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two anchor cells in the hermaphrodite gonad instead of one, a
defect that is characteristic of loss of lin-12 activity. Further-
more, a sterile phenotype observed by concomitant depletion of
sup-17 and adm-4, which appears to reflect aberrant sper-
mathecal function, can be suppressed by expression of an
activated form of LIN-12 that mimics the product resulting
from site 2 cleavage.
In Drosophila, the loss of Kuzbanian activity causes
phenotypes that are equivalent to removing other Notch
pathway components such as Presenilin (Rooke et al., 1996),
suggesting that other proteases, including the Drosophila
TACE ortholog, are not likely to play a significant role in
most cell fate decisions mediated by Notch. In contrast, neither
sup-17 nor adm-4 single mutants display highly penetrant
defects associated with eliminating lin-12 or glp-1 activity (Tax
et al., 1997; this work). Concomitant depletion of sup-17 and
adm-4 activities causes a synthetic abnormality in the
specification of the number of anchor cells, suggesting that
SUP-17 and ADM-4 are functionally redundant in the anchor
cell/ventral uterine precursor cell fate decision during gonado-
genesis. However, there does not appear to be a catastrophic
and general failure of LIN-12 and GLP-1-mediated signaling
even when both sup-17 and adm-4 are depleted. It is possible
that residual activity–either of the truncated ADM-4 product or
maternal SUP-17–can account for these observations, although
if that were the case, then we might have expected to observe a
broad spectrum of phenotypes associated with loss of lin-12
and or glp-1 signaling at low penetrance. It is therefore possible
that, in C. elegans, there are redundant proteases that can
mediate the extracellular cleavage. SUP-17 and ADM-4 are the
closest ADAM family members in C. elegans as it is the case
for their mammalian orthologs, ADAM10 and TACE (Glassey
and Civetta, 2004). However, C. elegans has many additional
proteins of the Reprolysin family (see Fig. 1), and it is
conceivable that other reprolysins provide redundant activity;
furthermore, it is conceivable that proteases of another family
provide the redundant activity.
We note that the genetic behavior of sup-17 and adm-4 is
reminiscent of the genetic behavior of the two presenilin
genes, sel-12 and hop-1. For example, sel-12 null mutants do
not display most lin-12 or glp-1 single mutant phenotypes,
and hop-1 null mutants display none (Levitan and Greenwald,
1995; Li and Greenwald, 1997; Westlund et al., 1999).
Furthermore, sel-12 alleles are efficient suppressors of lin-
12(d) alleles (Levitan and Greenwald, 1995; 1998), but hop-1
alleles are not (Westlund et al., 1999). sel-12 is strongly and
generally expressed, whereas hop-1 is expressed at such a low
level as to be essentially undetectable (Li and Greenwald,
1997). The main difference is that a combination of null
alleles in a hop-1; sel-12 double mutant does result in highly
penetrant defects suggestive of a general failure of LIN-12 and
GLP-1-mediated signaling (Westlund et al., 1999), indicating
that these two presenilins can account for all presenilin
activity at site 3. In the context of the issue raised above,
however, it is notable that partial depletion of hop-1 in a sel-
12 background results in a variety of partially penetrantphenotypes associated with reduced lin-12 and/or glp-1
activity (Li and Greenwald, 1997).
The evidence for functional redundancy of SUP-17 and
ADM-4 in C. elegans may account for the relatively mild
phenotypes of ADAM10 or TACE null mutant mice: ADAM10
and TACE may also be functionally redundant. Our results
further suggest the possibility that functional redundancy may
not be limited to just these two ADAM family members. It is
indeed important to identify the proteases that may mediate
ectodomain shedding of constitutively active LIN-12/Notch
proteins as missense mutations in mammalian Notch 1 that are
equivalent to missense mutations in lin-12 and glp-1 (Green-
wald and Seydoux, 1990; Berry et al., 1997) are highly
associated with T-cell acute lymphoblastic leukemia (Chiar-
amonte et al., 2005) and perhaps other cancers in which Notch
activation has been implicated, making these proteases
potential therapeutic targets.
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